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POSTOPERATIVE GASTRIC ILEUS is a condition that develops as a consequence of surgery and is associated with delayed gastric emptying and intestinal transit (41) . Since prolonged postoperative ileus (POI) is an iatrogenic condition leading to prolonged hospitalization resulting in increased health care costs, the development of effective management strategies to prevent POI is clinically important (74) . Recently, the food intake stimulating and gastroprokinetic effects of the peptide hormone ghrelin is gaining recognition for the treatment of POI (9) . The long-acting synthetic agonist Tranzyme Pharma-101 was reported to accelerate the recovery of the upper and lower gastrointestinal tract in patients undergoing major abdominal surgery (47) , consistent with preclinical evidence that peripheral administration of ghrelin agonists reversed the abdominal surgery-induced delayed gastric emptying in rats and dogs (69) . However, the regulation of ghrelin under conditions of POI is largely unknown. We recently reported that abdominal surgery decreases plasma levels of acyl and desacyl ghrelin, the two major circulating forms of ghrelin (30) , at 30 and 90 min postsurgery (58) . Only acyl ghrelin binds to the growth hormone secretagogue receptor (GHS-R) 1a (7) [since then renamed ghrelin (GRLN) receptor (17) ] to induce a GRLN receptor-dependent stimulation of gastric motility (21) and food intake (70) whereas desacyl ghrelin's actions are exerted independently of the GRLN receptor (60) . Recent evidence indicates that coadministration of desacyl ghrelin counteracts the stimulatory effect of intrathecal injection of ghrelin on propulsive contraction of the rat colon (28) , the orexigenic action of intraperitoneal injection of acyl ghrelin in rats (32) , and the stimulation of pancreatic polypeptide (PP) secretion in isolated mouse islets (36) suggestive of a negative interaction between both peptides, although the physiological role of desacyl ghrelin is still to be established (33, 60) .
The present study aims to characterize the pattern of acyl and desacyl ghrelin alterations over a period of 24 h postsurgery using the recently established RAPID method of blood processing that improves the recovery of acyl ghrelin by 80%, allowing the accurate measurement of circulating acyl ghrelin concentrations (64) . Since the newly described ghrelin-Oacyltransferase (GOAT) is the only known enzyme to catalyze the acylation of ghrelin (49), we also measured GOAT protein levels in the gastric oxyntic mucosa and circulation, where it has been recently identified in rodents (62) , to correlate changes in GOAT expression and the inhibition of circulating acyl ghrelin postsurgery. To investigate whether, in addition to the reduction of the orexigenic and prokinetic gastric hormone acyl ghrelin, intestinal peptides known to inhibit food intake and gastric emptying such as glucagon-like peptide 1 (GLP-1) (51, 68) , peptide YY (PYY) (6, 12) , and PP (4, 73) were also altered by abdominal surgery, these hormones were measured over the time course of 24 h postsurgery.
Somatostatin is the main inhibitory peptide of gut hormones that is widely expressed in the gastrointestinal tract (56) . In the stomach, somatostatin is released from D cells located in the gastric fundus and antrum mucosa (52) . Somatostatin's biological actions are mediated through interaction with five somatostatin receptor (sst) subtypes, sst [1] [2] [3] [4] [5] , that belong to the G protein-coupled receptor family (37) . Consistent reports established that somatostatin and octreotide, a stable analog with affinity to sst 2 Ͼ sst 5 Ͼ sst 3 , reduce ghrelin levels as demonstrated in vitro (54) , ex vivo in isolated stomach preparations (39, 55) , and after peripheral administration in vivo in rats (57) as well as in humans (5) . Conversely, somatostatin depletion by cysteamine increased circulating acyl and total ghrelin levels in rats (22) and somatostatin knockout mice display elevated plasma levels of ghrelin and gastric ghrelin mRNA (42) , indicating that endogenous somatostatin plays a physiological role in the inhibition of ghrelin synthesis and release in rodents. These data coupled with the fact that the sst 2 receptor is the major sst subtype expressed in the rodent stomach (53, 57) raised the possibility that sst 2 receptor activation may be primarily involved in the observed suppression of ghrelin elicited by abdominal surgery. Therefore, we assessed whether the recently developed selective peptide sst 2 agonist S-346-011 (26) mimics the reduction of ghrelin plasma levels as observed after abdominal surgery and whether pretreatment with the selective sst 2 antagonist S-406-028 (11) prevents the early drop in ghrelin induced by abdominal surgery and thereby postoperative gastric ileus. In addition, to provide anatomical support for a direct somatostatin action on gastric X/A-like cells producing ghrelin, we investigated whether sst 2a is expressed on these cells in the rat gastric oxyntic mucosa.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (Harlan, San Diego, CA) weighing 280 -350 g were group housed under controlled illumination (0600 -1800 h) and temperature (21-23°C) until the start of experiments. Animals had free access to standard rodent chow (Prolab RMH 2500; LabDiet, PMI Nutrition, Brentwood, MO) and tap water. Protocols were approved by the Institutional Animal Care and Use Committee of the Veterans Administration (no. 05-058-02). All experiments were started between 0900 -1000 h.
Peptides
The sst 2 agonist S-346-011, H2N-CO-DPhe-c[Cys-Aph(CONH2)-DTrp-Lys-Thr-Cys]-Thr-NH2 (S-346-011), molecular weight 1,132.5, compound 2 in Ref. 26 and the sst2 antagonist S-406-028, H2N-pNO2Phe-DCys-Tyr-DAph(Cbm)-Lys-Thr-Cys-2Nal-NH2, molecular weight 1,208.5, compound 4 in Ref. 11 (Clayton Foundation Laboratories, Salk Institute, La Jolla, CA) were synthesized and purity assessed as previously described (11, 26) . Peptides were stored in powder form at Ϫ80°C and dissolved in saline containing 0.1% bovine serum albumin (BSA) immediately before use.
Procedures
Intravenous catheterization. Intravenous catheterization of the right external jugular vein was performed as described before (59) . Rats were single housed after surgery and allowed to recover for 3 days. During this period, rats were handled to get acquainted to the experiments including light hand restraint for blood withdrawal. Body weight was monitored before and after the catheterization to assess recovery and assure an anabolic state at the start of experiments.
Abdominal surgery. Rats were housed in single cages and fasted overnight for 17 h with free access to water. Afterward, animals were exposed to isoflurane (4.5% vapor concentration in oxygen; VSS, Rockmart, GA) and abdominal surgery consisting of median laparotomy (2-3 cm), and cecal palpation for 1 min was performed as described before (61) . Anesthesia and surgery lasted 10 min and animals recovered the righting reflex within 2-3 min after removal of isoflurane. The sham group was exposed to 10-min anesthesia alone. After anesthesia, animals were singly housed with access to water but not food up to 24 h postsurgery.
Immunofluorescent Histochemistry
Immunofluorescent double labeling of paraffin-embedded gastric corpus sections from freely fed naive rats (n ϭ 3) euthanized by decapitation was performed as described previously (63) . Briefly, after pretreatment with normal goat serum, sections were incubated overnight at 4°C with mouse monoclonal anti-rat ghrelin antibody (1:2,000, Eli Lilly Research Laboratories, Indianapolis, IN, no. D4 -7.1 directed against the carboxy terminus) (27) together with polyclonal rabbit anti-sst 2a antibody [1:1,000, CURE no. 9452 in 0.3% Triton X-100 in phosphate-buffered saline (PBS)]. The CURE no. 9452 is directed against the COOH-terminus of mouse sst2a (amino acids 331-340), and its specificity was previously established (65) . Fluorescein isothiocyanate (FITC)-labeled goat anti-mouse (1:1,000, Jackson ImmunoResearch Laboratories, West Grove, PA) and tetramethylrhodamine-5-(and 6)-isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG (1:1,000, Jackson ImmunoResearch Laboratories) in 0.3% Triton X-100 in PBS were added for 2 h at room temperature. Each incubation step was followed by 3 ϫ 5 min washing in PBS. Slides were mounted, coverslipped with antifade mounting medium (Vector Laboratory, Burlingame, CA), and visualized and photographed by confocal microscopy (Zeiss, LSM 510, Germany). Five low-power fields (ϫ20 objective) of gastric corpus sections were assessed per rat.
Measurements
Plasma acyl and total ghrelin. Blood (0.5 ml) was withdrawn through the intravenous (iv) catheter and processed according to the recently developed RAPID method as previously described (64) . Briefly, blood was diluted 1:10 in ice-cold buffer (pH 3.6) containing 0.1 M ammonium acetate, 0.5 M NaCl, and enzyme inhibitors (diprotin A, E-64-d, antipain, leupeptin, chymostatin, 1 g/ml; Peptides International, Louisville, KY) and centrifuged at 3,000 rpm for 10 min at 4°C. The supernatant was subjected to Sep-Pak chromatography (C18 cartridges, 360 mg, 55-105 m, no. WAT051910, Waters, Milford, MA), and the eluted peptide was dried by vacuum centrifugation and stored at Ϫ80°C until further processing. Samples were resuspended in double-distilled H 2O immediately before radioimmunoassay according to the original plasma volume and duplicates were used to determine total and acyl ghrelin levels via specific radioimmunoassays (nos. GHRT-89HK and GHRA-88HK, respectively; 100% cross-reactivity with rat total and acyl ghrelin, respectively, Millipore, Billerica, MA). Interassay and intra-assay variability were Յ10 and 2%, respectively. Acyl and total ghrelin plasma levels will also include other forms of ghrelin such as des-Gln14-ghrelin, which were detected in low amounts in the stomach (31) since the antibodies used were raised against the NH 2-and COOH-terminus, respectively (according to manufacturer's information). Desacyl ghrelin was calculated as the difference of total minus acyl ghrelin for each individual sample. The acyl-to-total ghrelin ratio was calculated for each rat at each time point.
Plasma gut hormone panel. Blood was withdrawn through the iv catheter and processed by the RAPID method (64) as described above. The measurement of the intestinal peptide hormones GLP-1, PYY, and PP was performed by using the Luminex xMAP technology for rat gut hormones (sensitivity for GLP-1: 5.2 pg/ml, PYY: 8.4 pg/ml and PP: 2.4 pg/ml; rat gut hormone panel, Millipore). This technology allows the simultaneous determination of multiple hormones without cross-reactivity between the anti-analyte antibodies (manufacturer's information, Millipore). All plasma samples (25 l in duplicates) were processed in one batch and read via the Luminex 100 (Luminex, Austin, TX). The intra-assay variability was Յ7%.
GOAT protein and mRNA expression. GOAT corpus and plasma levels were assessed as in our previous studies (59, 62) . Crude protein fractions of gastric corpus mucosa and plasma were prepared essentially as described before (62) . Briefly, venous blood was transferred to tubes containing aprotinin (0.6 trypsin inhibitory unit; ICN Pharmaceuticals, Costa Mesa, CA), EDTA (7.5%, 10 l/0.5 ml blood; Sigma, St. Louis, MO) and PMSF (1 mM) and immediately centrifuged at 4°C for 10 min at 3,000 g. The plasma was collected and stored at Ϫ80°C. Likewise, the stomachs were immediately opened and rinsed, and the corpus mucosa was scraped off and homogenized in ice-cold PBS containing one tablet of protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and PMSF (1 mM). Crude protein was obtained by centrifugation of the homogenates at 12,000 g for 20 min at 4°C to remove cell debris and nuclei, and protein concentrations were determined. Western blots were performed as in our previous studies (59, 62) using the anti-GOAT antibody (GenScript, Piscataway, NJ) raised against the amino acids 273-286 of the rat membrane-bound O-acyl transferase (MBOAT4) protein by using the sequence (SEAGQRPGEERYVP) predicted to be in a large loop structure before transmembrane segment 5 (extracellular epitope) (72) . The specificity of the anti-GOAT antibody was previously characterized by Western blot of crude rat and mouse gastric mucosal proteins stained with this anti-GOAT antibody by the alkaline phosphatase detection method showing a 50-kDa band corresponding to the expected molecular weight of the GOAT monomer (62) . In the present study, the Western blot was analyzed using Scion Image 4.0.3 (Scion, Frederick, MD). The same blot was stained again for ␤-actin (molecular weight 45 kDa, 1:1,000, no. 4967, Cell Signaling Technology, Danvers, MA) following the protocol described above. Analysis was performed with Scion Image, and gastric GOAT protein expression was normalized to the housekeeping protein, ␤-actin. Western blots were repeated twice.
Total RNA from the gastric corpus mucosa was isolated and RNA denatured at 65°C for 5 min and used to synthesize first-strand cDNA by reverse transcription by using the ThermoScript RT-PCR system (Invitrogen, CA). Quantitative RT-PCR for GOAT mRNA expression was performed by using the DNA Engine Opticon 2 Detection System interfaced to the Opticon MONITOR Analysis Software version 2.01 (MJ Research, Waltham, MA) in a 20-l reaction volume. The optimized reaction contained 10 l of SYBR1 Premix Ex Taq (Perfect Real Time, Takara Mirus Bio, Madison, WI), 1 l each of oligonucleotide primers (10 mM), 1 l of the cDNA synthesis reaction, and 7 l of H 2O. Selected primers for GOAT (GenBank accession number NM 001107317) were GGACGACTCTCTCCTTCACG (forward, f) and TCACAGACCAGCACAGGAAG reverse (r) and for the housekeeping gene, hypoxanthine guanine ribotransferase (HPRT, GenBank accession number NM 012583), CAGTCCCAGCGTCGT-GATTA (f) and AGCAAGTCTTTCAGTCCTGTC (r) (10). Each amplification was followed by a melting curve resulting in only one peak for each amplicon, indicative of amplification of only one product. This was confirmed by agarose gel electrophoresis of the RT-PCR products. The cycle of threshold CT was determined as the fluorescent signal (binding of SYBR green to double-stranded cDNA) of 1 SD over background. All reactions were carried out in duplicate, and three separate amplifications for each primer pair were performed. Standard curves were constructed with four serial dilution points of control cDNA (combined cDNA from all samples, 100 ng to 100 pg). Data presented were derived from starting quantity values of each sample normalized to the housekeeping gene HPRT. The relative expression ratio of the target gene compared with the reference gene HPRT was calculated by using the Pfaffl equation (45) .
Gastric emptying. Gastric emptying of a nonnutrient viscous solution was determined by the phenol red methylcellulose method as described previously (58) . Methylcellulose (Sigma) was dispersed in warm water at a final concentration of 1.5% under continuous stirring. The solution was allowed to cool at 37°C, then phenol red (50 mg/100 ml, Sigma) was added. The phenol red in aqueous methylcellulose was freshly made before use and kept under constant intensity agitation and temperature throughout the experiment. An orogastric gavage of the phenol red methylcellulose solution (1.5 ml) was given to overnight fasted rats that were euthanized 20 min later by CO 2 inhalation followed by thoracotomy. Standards were obtained from stomachs collected immediately after intragastric delivery of the solution. The abdominal cavity was opened, pylorus and cardia were clamped, and the stomach was removed, rinsed in saline, and processed for measurement of gastric emptying as detailed in our previous studies (15) . Briefly, stomachs were placed in 100 ml of 0.1 N NaOH and homogenized (Polytron, Brinkmann Instruments) for 30 s. The suspension was allowed to settle for 60 min at room temperature and 5 ml of the supernatant added to 0.5 ml of trichloroacetic acid (20% wt/vol). After centrifugation for 20 min, the supernatant was added to 4 ml of 0.5 N NaOH and absorbance of the sample was read at a wavelength of 560 nm with a Shimazu-UV260 spectrophotometer. Gastric emptying was calculated according to the formula: 1 Ϫ [amount of phenol red recovered from test stomach/average amount of phenol red recovered from standard stomachs] ϫ 100.
Experimental Protocols
Except otherwise stated, all experiments were performed in rats chronically equipped with an iv catheter and deprived of food with free access to water overnight and throughout the duration of the experiment in keeping with the general clinical practice of fasting before surgical interventions.
Time course of changes in plasma acyl and total ghrelin, GLP-1, PYY, and PP levels induced by abdominal surgery. Rats were subjected to abdominal surgery or sham (anesthesia alone), and blood (0.5 ml) was withdrawn before and at 2, 5, 7, and 24 h after the procedure and processed for acyl and total ghrelin RIA measurements as well as the plasma intestinal hormones with the Luminex panel.
Changes in plasma GOAT levels and gastric GOAT expression at 2 h after abdominal surgery. Naive rats underwent abdominal surgery or sham procedure and were euthanized by decapitation 2 h later. Trunk blood and stomach were collected to assess plasma and gastric corpus GOAT protein concentration and gastric GOAT mRNA expression.
Effect of intravenous injection of sst 2 agonist on plasma acyl and total ghrelin levels. Conscious rats were injected iv twice at a 30-min interval with the selective sst2 agonist S-346-011 (100 g/rat in 200 l) or vehicle. Blood was withdrawn before the second injection at 0.5 and at 2 h, and then processed for acyl and total ghrelin measurement.
Effect of sst2 antagonist on abdominal surgery-induced decreased plasma acyl and total ghrelin levels. Conscious rats were injected iv (200 l) with the sst2 antagonist S-406-028 (100 g/rat) or vehicle followed by intraperitoneal injection of 25% urethane (1 ml/300 g body wt) known to increase gastric somatostatin mRNA expression and peptide release (71) . The control group did not receive any treatment. Rats were euthanized by decapitation 30 min after urethane and trunk blood was processed for acyl and total ghrelin measurement. In other groups of conscious rats, the sst2 antagonist S-406-028 (100 g/rat) or vehicle was injected iv (200 l) followed by abdominal surgery and sham procedure. Blood was withdrawn at 0.5 and 1 h after the end of the procedure and processed for acyl and total ghrelin measurement. The dose of the sst2 antagonist was based on our previous functional studies in rats injected with the sst2 antagonist PRL-2903 (35) and adjusted for the 10-times higher binding affinity of S-406-028 than PRL-2903 to the sst2 receptor (11, 50) .
Effect of sst2 antagonist on abdominal surgery-induced delayed gastric emptying. Conscious rats were injected iv (200 l) with the sst2 antagonist S-406-028 (100 g/rat) or vehicle followed by abdom-inal surgery or sham procedure. Rats regained the righting reflex in their cages and 10 min after the end of anesthesia received an orogastric gavage of a nonnutrient phenol red methylcellulose viscous solution. Gastric emptying was assessed 20 min later.
Statistical Analysis
Data are expressed as means Ϯ SE and analyzed by one-way ANOVA followed by Tukey post hoc test or two-way ANOVA followed by Holm-Sidak method. P Ͻ 0.05 was considered significant.
RESULTS
Abdominal Surgery Decreases Plasma Acyl and Desacyl Ghrelin Levels
In overnight fasted rats, before procedure, plasma levels of acyl and desacyl ghrelin were not significantly different (P Ͼ 0.05; Fig. 1, A and B) . Abdominal surgery reduced acyl ghrelin levels by 67 and 59% at 2 and 5 h, respectively, compared with rats exposed to anesthesia alone (P Ͻ 0.01). Thereafter, levels were partially recovered at 7 h (Ϫ30%) and were fully restored at 24 h with values that were significantly higher at 24 h (41 h fasting) vs. 0 h (17 h fasting) in both abdominal surgery and sham groups (P Ͻ 0.05; Fig. 1A ). Two-way ANOVA showed a significant impact of treatment (F (1, 40) ϭ 21.8, P Ͻ 0.001), time (F (4,40) ϭ 22.3, P Ͻ 0.001), and treatment ϫ time (F (4,40) ϭ 4.1, P Ͻ 0.01). Similarly, desacyl ghrelin plasma levels significantly decreased following abdominal surgery at 2 and 5 h by 48 and 61%, respectively (P Ͻ 0.01), partly recovered at 7 h (Ϫ38%), and values were fully restored at 24 h compared with sham and similar to those observed at time point 0 h (Fig. 1B) . Two-way ANOVA indicated a significant influence of treatment (F (1, 40) Comparison of the percentage of suppression showed a significantly higher decrease of acyl ghrelin than desacyl ghrelin at 2 h postsurgery and a higher increase in desacyl ghrelin than acyl ghrelin at 24 h compared with sham (P Ͻ 0.05; Fig. 1C) . The acyl-to-desacyl ghrelin ratio was 1:5 at 2 h postsurgery compared with 1:3 in sham and both groups at all other time points (P Ͻ 0.05).
In contrast to the pronounced and long-lasting decrease in ghrelin, plasma levels of GLP-1 were not altered, those of PYY were decreased significantly by 36% at 2 h, and PP levels increased by 52% at 5 h postsurgery compared with the sham group and not changed at other time points (P Ͻ 0.05; Table 1 ).
Abdominal Surgery Decreases Plasma and Stomach GOAT Protein Concentrations
Considering the more pronounced decrease of acyl ghrelin than desacyl ghrelin at 2 h postsurgery, we investigated Fig. 1 . Time course of changes in plasma acyl and desacyl ghrelin levels induced by abdominal surgery in overnight-fasted rats implanted with an intrajugular catheter. After abdominal surgery or sham procedure (anesthesia alone) under 10-min isoflurane exposure, repeated blood samplings were performed through the catheter in conscious rats before and at 2, 5, 7, and 24 h postprocedure and processed for acyl (A) and total ghrelin measurement. Desacyl ghrelin (B) was calculated as the difference of total minus acyl ghrelin for each individual sample. The percentages of changes from basal values in plasma acyl and desacyl ghrelin levels induced by abdominal surgery are shown in C. Each bar represents the means Ϯ SE of 5 rats/group. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. sham at respective time point; #P Ͻ 0.05 and ##P Ͻ 0.01 vs. respective group at time point 0 h. Rats were fasted overnight and underwent abdominal surgery consisting of laparotomy and cecal palpation (1 min) or anesthesia alone (sham) and levels of glucagon-like peptide 1 (GLP-1), peptide YY (PYY), and pancreatic polypeptide (PP) were assessed before, and at 2, 5, 7, and 24 h postsurgery. Data are presented as means Ϯ SE of 5 rats/group; *P Ͻ 0.05 vs. sham.
whether it was associated with changes in GOAT protein expression. Gastric corpus and plasma GOAT protein levels were decreased by 48 and 23%, respectively, compared with sham-treated rats at 2 h postsurgery in overnight fasted rats (P Ͻ 0.001, Fig. 2, A and B) . At the same time, gastric corpus GOAT mRNA expression assessed by quantitative RT-PCR was not significantly modified in the surgery vs. sham group (1.02 Ϯ 0.04, vs. 1.33 Ϯ 0.17, P ϭ 0.1; Fig. 2C ).
The sst 2 Agonist Decreases Fasting Plasma Acyl and Desacyl Ghrelin Levels
The sst 2 agonist S-346-011 (100 g/rat) injected iv twice at a 30-min interval significantly reduced fasting acyl ghrelin levels compared with iv vehicle at 0.5 and 2 h by 64 and 77%, respectively (P Ͻ 0.001, Fig. 3A) . Likewise, desacyl ghrelin levels were reduced by 60 and 53%, respectively, at 0.5 and 2 h compared with vehicle (P Ͻ 0.05, Fig. 3B ). Because of the more pronounced decrease of acyl ghrelin than desacyl ghrelin at 2 h, the acyl-to-desacyl ghrelin ratio was reduced to 1:5 compared with 1:3 in vehicle-treated rats (P Ͻ 0.05). Two-way ANOVA showed a significant impact of treatment (F (1, 15) ϭ 89.3, P Ͻ 0.001), whereas time had no effect (F (1, 15) ϭ 0.3, P Ͼ 0.05).
Ghrelin-Positive Cells Express the sst 2a Receptor in Naive Rats
Fluorescent immunostaining in naive rats detected sst 2a -positive cells distributed throughout the gastric oxyntic mucosa (Fig. 4A) . Ghrelin-positive cells were localized mainly in the mid portion as well as the lower third of the rat gastric corpus glands (Fig. 4B) . All ghrelin-positive cells were also immunoreactive for sst 2a (Fig. 4, C and D) . Omission of the primary antibody resulted in complete absence of the immunosignals.
The sst 2 Antagonist Prevents the Abdominal Surgery-Induced Decrease in Acyl and Desacyl Ghrelin Levels Whereas the Delayed Gastric Emptying Is Not Altered
We first assessed the acyl ghrelin response and sst 2 antagonist effect to an intraperitoneal injection of 25% urethane known to induce a somatostatin-dependent inhibition of circulating gastrin and gastric acid secretion (71) . Urethane decreased fasting acyl and desacyl ghrelin plasma levels within 30 min by 36 and 32%, respectively, in iv vehicle-injected rats compared with overnight-fasted conscious nontreated rats (P Ͻ 0.05; Fig. 5A ). The sst 2 antagonist S-406-028 (100 g/rat iv) restored acyl and desacyl ghrelin levels in urethane-anesthetized rats to those of fasted naive animals (Fig. 5A) .
In iv vehicle-pretreated rats, abdominal surgery significantly reduced acyl ghrelin plasma levels by 64 and 52% at 0.5 and 1 h, respectively, postsurgery compared with sham (P Ͻ 0.05; Fig. 5B ). By contrast, in rats injected with the sst 2 antagonist S-406-028 (100 g/rat iv) at a dose preventing endogenous somatostatin action on ghrelin secretion, the suppression of acyl ghrelin was completely prevented at 0.5 h and partially at 1 h postsurgery. Likewise, the sst 2 antagonist completely prevented the abdominal surgery-induced decrease in desacyl ghrelin plasma levels at 0.5 h postsurgery (Fig. 5C ). In the sham group, the sst 2 antagonist S-406-028 had no significant effect on fasting acyl and desacyl ghrelin levels (Figs. 5, B and  C) .
Abdominal surgery delayed gastric emptying by 86% compared with sham (P Ͻ 0.001), as assessed at 0.5 h postsurgery. However, gastric ileus was not altered by pretreatment with the sst 2 antagonist S-406-028 (Fig. 6 ). The sst 2 antagonist had no effect on gastric emptying under sham treatment conditions (Fig. 6) .
DISCUSSION
In the present study we show that abdominal surgery consisting of laparotomy and short cecal palpation decreases circulating acyl and desacyl ghrelin levels with a rapid onset (within 30 min) that was maintained reduced by 67-59% for 5 h and then levels were fully restored at 24 h postsurgery. The suppression of ghrelin levels was induced by the abdominal surgery per se and did not result from the short anesthesia since the sham group exposed to the same duration (10 min) of anesthesia without surgery had stable acyl and desacyl ghrelin plasma levels throughout the 7-h observation period. These data expand our previous report showing that abdominal surgery performed under similar conditions reduced acyl ghrelin plasma levels at 30 and 90 min postsurgery (58) . Plasma acyl ghrelin in fasted rats during the 30 min to 5 h period postsurgery were in the 315.3-486.6 pg/ml range, which were similar to levels of ad libitum-fed rats (391.5 pg/ml) previously detected with the RAPID method of blood processing (64) . These data are indicative that abdominal surgery induces a fed state level of acyl ghrelin in fasted rats. In contrast, circulating concentrations of other gut hormones inhibiting food intake and gastric emptying, namely GLP-1, PYY, and PP (4, 6, 12, 51, 68, 73), were not or were only temporarily altered with a 36% decrease of PYY at 2 h and a 52% increase of PP at 5 h postsurgery and no changes in GLP-1 compared with sham. These results point toward the specificity of abdominal surgery to impact primarily on circulating levels of acyl ghrelin, inducing a rapid-onset and long-lasting suppression of this hormone. Whether the suppression of acyl ghrelin is a hallmark response to any type of surgery or specific to abdominal surgery remains to be assessed. However, the definition of postoperative ileus does not require abdominal surgery (40) and equally applies to other surgical interventions. Previously, we showed in rats that trepanation, similarly to abdominal surgery, induced a rapid-onset delayed gastric emptying that involves activation of brain corticotropin-releasing factor signaling pathways (66) . Therefore, it is likely that also other types of surgery can affect circulating ghrelin levels.
During the 30 min to 2 h period postsurgery, circulating acyl ghrelin levels dropped more sharply than those of desacyl ghrelin, resulting in a decreased acyl-to-desacyl ghrelin ratio of 1:5 compared with 1:3 in the sham group at these same time points or the surgery group at 5, 7 or 24 h. The drop in acyl-to-desacyl ghrelin at 2 h postsurgery was investigated in the context of recent demonstration that GOAT is the unique enzyme highly conserved across vertebrates able to catalyze the octanoylation of ghrelin, leading to the active form of the peptide (27, 72) . In the present study, abdominal surgery induced a 48% reduction of GOAT protein expression in the gastric corpus mucosa and there was also a 23% reduction in plasma GOAT at 2 h postsurgery compared with sham. The decrease of GOAT protein expression in the gastric corpus mucosa was not associated with a significant reduction of GOAT mRNA levels. The observed reduction in gastric and plasmatic GOAT protein may have a bearing with the parallel 67% decrease in circulating acyl ghrelin observed 2 h after abdominal surgery. However, this will need to be ascertained also at the level of GOAT enzyme activity by use of enzymelinked click-chemistry (cat-ELCCA), which was recently developed (25) . Furthermore, in addition to reduced GOAT protein expression, it cannot be ruled out that other mechanisms participating in the secretion rate of acyl ghrelin or changes in the activity of other enzymes, namely hepatic esterases involved in deacylation (19) may also contribute to the observed altered ratio of acyl to desacyl ghrelin.
Several sets of pharmacological and anatomical evidence support that mechanisms underlying the reduction of plasma ghrelin levels induced by abdominal surgery involve the activation of peripheral gastric sst 2 receptors. First, it is well recognized that ghrelin-positive X/A-like cells distributed throughout the gastric oxyntic mucosa (16, 43) (present study) are the main source of circulating acyl ghrelin (3) as demonstrated by the decline in ghrelin levels following gastrectomy in rats (38) . Second, we provided the first evidence that sst 2a receptor protein is localized on ghrelin-positive X/A-like cells of the rat oxyntic mucosa. Third, iv injection of the selective sst 2 agonist S-346-011 (IC 50 7.5-20 nM) (26) induced a rapid decrease in fasting acyl ghrelin levels as well as reduced the Fig. 3 . The somatostatin receptor subtype 2 (sst2) agonist decreases circulating acyl and desacyl ghrelin levels in overnight-fasted rats implanted with an intrajugular catheter. The sst2 agonist (100 g/rat in 200 l saline containing 0.1% BSA) or vehicle (saline containing 0.1% BSA) was injected intravenously (iv) twice at 0 and 0.5 h. Blood was withdrawn before the second injection at 0.5 and at 2 h and processed for acyl (A) and total ghrelin measurement. Desacyl ghrelin (B) was calculated as the difference of total minus acyl ghrelin for each individual sample. Each bar represents the means Ϯ SE of number of rats indicated at the bottom of the column. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. vehicle.
acyl-to-desacyl ghrelin ratio to 1:5, mimicking the rapid suppression and 1:5 ratio induced by abdominal surgery. Lastly, the selective sst 2 antagonist S-406-028 (IC 50 2.6 Ϯ 0.7 nM) (11) completely prevented the abdominal surgery-induced rapid decrease in circulating acyl ghrelin levels at 0.5 h postsurgery. The partial reduction at 1 h could be due to the relatively short half-life of the compound as previously reported for another peptide sst 2 antagonist (35) . We also used urethane anesthesia, known to increase rat gastric somatostatin mRNA levels and activate endogenous gastric somatostatin signaling within 30 min postinjection (71) . In this urethane model, fasting plasma levels of acyl ghrelin were inhibited and the sst 2 antagonist injected iv restored ghrelin levels within 0.5 h to those observed in fasted conscious nontreated rats. We previously demonstrated that urethane under similar conditions induces a somatostatin-dependent inhibition of plasma levels of gastrin (71) . The present findings expand the inhibitory effect of urethane mediated by the activation of somatostatin signaling to another gastric hormone, acyl ghrelin. The sst 2 -dependent inhibition of ghrelin release observed after abdominal surgery suggests the release of somatostatin under these conditions. Potential mechanisms may involve capsaicin-sensitive afferents containing calcitonin gene-related peptide (CGRP) signaling known to be activated by abdominal surgery (29, 46, 75) . There is also an established linkage between capsaicin-sensitive afferent stimulation containing CGRP and the increase in gastric somatostatin release (8, 34, 48) . Collectively, these data support the contention that the reduction of circulating ghrelin levels in rats induced by peripheral administration of somatostatin (18, 55, 57) or sst 2 agonist (present study) and by endogenous somatostatin released by urethane or likely by abdominal surgery involves the activation of sst 2 receptors expressed on gastric X/A-like cells. Of interest, recent in vitro studies in mouse primary pituitary cell cultures showed that somatostatin inhibits GOAT mRNA expression monitored after 24-h incubation and, conversely, somatostatin knockout mice displayed high GOAT mRNA expression (23) . Therefore, it can be speculated that the observed reduced gastric GOAT protein expression induced by abdominal surgery may also be related to the increased somatostatin signaling under these conditions.
Although the iv injection of sst 2 antagonist completely prevents the decrease of acyl and desacyl ghrelin plasma levels, the abdominal surgery-induced delayed gastric emptying is not altered by pretreatment with the sst 2 antagonist. These data are indicative that normalizing ghrelin levels to physiological fasting concentrations immediately postsurgery is not sufficient to restore basal gastric emptying. In addition, this shows that peripheral sst 2 receptors are not playing a primary role in the delayed gastric emptying immediately postsurgery. However, the functional significance of preventing the sustained drop in circulating ghrelin in the overall recovery of postoperative ileus and food intake will need to be further ascertained with treatment resulting in sustained blockade of the somatostatin-sst 2 signaling. These findings are, however, congruent with clinical studies reporting that only pharmacological doses of ghrelin exert gastroprokinetic effects under conditions of gastroparesis (44, 67) , whereas lower doses that are able to stimulate growth hormone release do not enhance gastric emptying (13) . Similarly, in rats gastric electrical stimulation increased gastric ghrelin production and release associated with increased central hunger signaling, whereas gastric emptying was not altered (24) .
In conclusion, we provided the first evidence that abdominal surgery induces a rapid and long-lasting reduction of circulating levels of acyl ghrelin. This response is selective to ghrelin since abdominal surgery did not similarly alter other gut hormones, namely GLP-1, PP, and PYY. Pharmacological interventions with sst 2 agonist and antagonist along with the colocalization of sst 2 receptor immunoreactivity on ghrelin cells of the gastric mucosa support that the reduction of fasting ghrelin levels by abdominal surgery is mediated through activation of gastric sst 2 receptor signaling. In addition, the rapid drop in plasma acyl ghrelin was associated with a prominent decrease of GOAT protein concentrations in the gastric corpus mucosa and, to a lesser extent, in the plasma supporting a link between the drop in GOAT protein and acyl ghrelin levels induced by abdominal surgery. Clinical relevance of these pathways is supported by the increase of somatostatin serum levels following surgery involving the peritoneal cavity (1), the recent localization of sst 2a immunoreactivity on ghrelin cells in the human gastric mucosa (20) , and the demonstration that the preferential sst 2 agonist octreotide also inhibits ghrelin release in humans (5) . Whether sustained prevention of the longlasting drop in ghrelin levels by reduction of somatostatin-sst 2 signaling after abdominal surgery will restore feeding behavior and digestive functions linked with increased circulating levels of ghrelin (2, 14) will need to be further investigated by sustained blockade of this pathway. However, based on the present and previous studies (69) , the restoration of surgically inhibited gastrointestinal motor function seems to require supraphysiological doses of ghrelin to exert a prokinetic effect within the immediate period postsurgery. Fig. 5 . The sst2 antagonist blocks urethane-induced reduction of ghrelin and prevents abdominal surgery-induced decrease of circulating acyl and desacyl ghrelin levels in overnight fasted rats. A: the sst2 antagonist (100 g/rat in 200 l saline containing 0.1% BSA) or vehicle (saline containing 0.1% BSA) was injected iv followed by intraperitoneal injection of 25% urethane compared with rats that received no treatment. Animals were euthanized by decapitation 30 min later, and trunk blood was processed for acyl and total ghrelin measurement. *P Ͻ 0.05 and **P Ͻ 0.01 vs. vehicle/no urethane; #P Ͻ 0.05 vs. sst2 antagonist/urethane. B and C: the sst2 antagonist (100 g/rat in 200 l saline containing 0.1% BSA) or vehicle (saline containing 0.1% BSA) was injected iv followed by abdominal surgery or sham procedure. Blood was withdrawn at 0.5 and 1 h after the end of the procedure and processed for acyl ghrelin measurement (B), and desacyl ghrelin (C) was calculated as the difference of total minus acyl ghrelin for each individual sample. *P Ͻ 0.05 and **P Ͻ 0.01 vs. vehicle/sham; ###P Ͻ 0.001 vs. sst2 antagonist/surgery. Each bar represents the means Ϯ SE of number of rats indicated at the bottom of the column. Fig. 6 . The sst2 antagonist does not prevent the abdominal surgery-induced decrease in gastric emptying. Overnight-fasted rats were injected iv with sst2 antagonist (100 g/rat in 200 l saline containing 0.1% BSA) or vehicle (saline containing 0.1% BSA) followed by abdominal surgery or sham procedure. Rats received an orogastric gavage of a nonnutrient solution (1.5 ml) and gastric emptying was assessed 20 min later. Each bar represents the means Ϯ SE of number of rats indicated at the bottom of the column. **P Ͻ 0.01 and ***P Ͻ 0.001 vs. vehicle/sham; #P Ͻ 0.05 and ##P Ͻ 0.01 vs. sst2 antagonist/sham.
